Thermoresponsive TiO 2 /SiO 2 one-dimensional photonic crystals (Bragg stacks) fabricated via sol-gel processing methods represent a promising class of environmentally responsive nanostructures featuring optically encoded temperature and humidity detection. The thermo-optic response of the layer materials is amplified by their inherent porosity owing to adsorption/desorption of ambient humidity into the mesoporous multilayer structure. Based on a comprehensive analysis of the impact of layer thickness, refractive index and thermo-optic coefficient on the stop band position, and width of various Bragg stack architectures, design criteria for thermoresponsive Bragg stacks operating in the visible range of the optical spectrum are put forward. A large and well-defined thermo-optic signature is expected for material combinations featuring individually high thermo-optic coefficients with the same sign or allowing for large changes in the effective refractive indices due to water adsorption in the porous layers reinforcing the thermo-optic response, as observed in the TiO 2 /SiO 2 couple. Important practical aspects of the performance of thermoresponsive Bragg stacks are addressed, including the hysteresis properties of TiO 2 /SiO 2 Bragg stacks during multiple heating/cooling cycles, as well as response and recovery times (;2-4 s) of the multilayer system during external changes in ambient humidity.
Introduction
One-dimensional photonic crystals (1D PCs), also known as Bragg stacks (BSs), have recently demonstrated potential for various technological applications such as chemical, physical, and biological sensing, photovoltaics, distributed feedback lasers, radiation shielding, and many others , Ge and Yin, 2011 , Puzzo et al., 2011 , Scotognella et al., 2009 . 1D PCs represent a class of multilayer structures possessing a periodic modulation of the refractive index (RI) in one dimension, giving rise to a photonic band gap (stop band) and hence structural color (Joannopoulos et al., 2008) . The position and width of the stop band are determined by the periodic dielectric structure and can be tuned by external stimuli inducing changes in the optical thickness of the layers, that is, RI or physical thickness (Bonifacio et al., 2009) . A wide arsenal of fabrication methods and numerous combinations of organic and inorganic materials together with surface functionalization and morphology tuning opens up new avenues to the design of simple, yet versatile sensing devices (Patzke et al., 2011; Redel et al., 2011) . For the fabrication of 1D PCs, the sol-gel process has proven a valuable strategy as it enables a relatively simple, fast, and low-cost synthetic pathway to produce dense, nanoparticle (NP)-based or ordered mesoporous thin films with excellent compositional control and homogeneity facilitating the fabrication of uniform crystalline layers. Properties such as thickness, pore size, and surface area of the film can be tailored by the control of sol-gel processing and deposition parameters (Hench and West, 1990; Tsuchiya et al., 1994) . Along these lines, several deposition methods for the assembly of 1D PCs with high optical and structural quality have been reported, namely, dip-, spin-, and spray-coating methods, as well as layer-by-layer (LbL) assembly protocols that allow for the deposition of multilayer thin films on various substrates in a more facile and cost-efficient manner as compared to physical deposition techniques such as electron beam evaporation or sputter deposition (Inui et al., 2008; Kobler et al., 2009; Nogueira et al., 2011) .
BSs composed of TiO 2 /SiO 2 multilayers were studied most extensively during the past years due to the variety of intriguing properties such systems offer. Titanium dioxide is an excellent optical material with high RI (= 1.9-2.5), possessing a high chemical stability and low toxicity (Macwan et al., 2011) . Owing to its ultravioletinduced photocatalytic properties, TiO 2 is used for the degradation of organic pollutants and exhibits fairly good antibacterial activity (Park and Kim, 2002) . Thinfilm BSs exhibiting structural color have, for instance, been fabricated by means of a LbL deposition process (Lee et al., 2006; Wu et al., 2007) or by spin-coating from NP dispersions (Calvo et al., 2008; Colodrero et al., 2008a) . Colodrero et al. (2008b) carried out a comprehensive study on the optical properties of various NP-based 1D PCs versus changes in the ambient vapor pressure and discussed the sorption properties of the constituent layers. Further captivating possibilities, including the fabrication of flexible NP-based Bragg mirrors, embedding of gold NPs into the BS for plasmonic applications and many others were demonstrated recently (Sa´nchez-Sobrado et al., 2010 . Owing to the intrinsic porosity of sol-gel-processed NP-based multilayers, they are more sensitive toward various analytes and hence possess excellent morphologies for sensing applications.
Apart from various analyte sensing schemes realized with NP-based TiO 2 /SiO 2 BSs owing to their inherent porosity, the thermo-optic properties of TiO 2 render multilayer systems involving TiO 2 layers interesting candidates for temperature sensing applications. A comprehensive description of the most common technologies and a review of materials frequently used for the fabrication of thermo-optic switches have been provided by Coppola et al. (2011) . However, the authors do not consider the utilization of 1D porous PCs consisting of materials with a high thermo-optic coefficient (TOC) (e.g. TiO 2 ) as potential systems for thermo-optic tuning. The TOC of titanium dioxide measured for coatings deposited by electron beam deposition is negative and equal to 21.77 3 10 24 K 21 between 18°C and 120°C and corresponds to 23.04 3 10 24 K 21 between 220°C and 325°C at 800 nm (Gu¨ls xen and Inci, 2002) . The TOC of silicon dioxide is positive with a value around 1 3 10 25 K 21 (Ghosh, 1995) . The thermo-optic response of TiO 2 /SiO 2 BSs was recently studied by Pavlichenko et al. (2012) . The authors observed enhancement of the thermal shift induced by ambient humidity, which is adsorbed into the porous layer architecture due to capillary condensation. Nanostructured TiO 2 films lend themselves particularly well for humidity-enhanced temperature tuning due to the high exposed surface area and facilitated water adsorption into the pore system owing to the photo-activated selfcleaning properties of TiO 2 surfaces (Yadav et al., 2007; Tai et al., 2003; Yu et al., 2001) . While the stability, and hence performance, of optical filters is reduced by the influence of ambient humidity (Zverev et al., 1981) , the thermo-optic response can be greatly enhanced by the presence of humidity. Therefore, NP-based BSs represent a versatile detection platform featuring a convenient and compact optical readout system.
In this article, we elaborate on different aspects pertaining to the temperature and humidity responses of BSs based on a label-free optical readout. The design of periodic multilayer architectures by both experiment and simulations will be outlined based on various design criteria, such as sensitivity and response kinetics. We also discuss important practical aspects of the performance of thermoresponsive BSs including the hysteresis properties of the multilayer system during multiple heating/cooling cycles and the response and recovery times during external changes in ambient humidity.
Methods

Preparation of TiO 2 and SiO 2 suspensions
The suspension of TiO 2 NPs was synthesized as in Lotsch and Ozin (2008) . Sonication (37 kHz, S100H; Elmasonic) of the suspension allows obtaining NPs with a hydrodynamic diameter in the range between 7 and 15 nm. SiO 2 colloids were purchased from Sigma-Aldrich (LUDOX SM-30 (size of 7-10 nm), 30 wt% in H 2 O and (LUDOX TMA (size of 15-30 nm), 34 wt% in H 2 O). Particle size distribution of the precursor TiO 2 and SiO 2 suspensions was analyzed using dynamic light-scattering photocorrelation spectroscopy (Zetasizer Nano ZS; Malvern) at 20°C. The anatase modification of the TiO 2 powder calcined at 350°C for 1 h was confirmed by X-ray diffraction (D8 DISCOVER; Bruker).
Bragg stack assembly
Thermoresponsive PCs were assembled by sequential deposition of TiO 2 and SiO 2 suspensions on a clean ISO 8037/1 glass slide (2.5 3 2.5 cm 2 ) (Pavlichenko et al., 2012) . Thin layers of TiO 2 and SiO 2 were produced using the spin-coating technique (WS-650SZ6NPP/ LITE; Laurell). The single thin film thickness and porosity were characterized by spectroscopic ellipsometry (performed on a Woollam M200D variable angle ellipsometer in the entire spectral range of 190-1000 nm at angles of incidence of 65°, 70°, and 75°). Scanning electron microscopy (JSM-6500F, JEOL, operating at an accelerating voltage of 2-5 kV) was used to examine the morphology of the BS cross section and flat surfaces.
Simulations
We carried out the simulations of the transmission spectra with the program COMSOL Multiphysics 3.3, radio frequency (RF) module in a two-dimensional (2D) in-plane transverse electric (TE) waves application mode. In the absence of external currents and sources, Maxwell's equations are represented in the following form (equation (1))
where E is the electric field, n is the RI, and k is the free-space wave number. To model the TE waves propagating through the simulated 1D PC, drawn in a 2D geometry as a stack of rectangles with user-defined thicknesses, we switch to a scalar equation (2) for the TE field component E z
To avoid reflection at outer boundaries of the PC geometry, we selected the ''matched boundary'' conditions, and inside the geometry, we applied the ''continuity'' boundary condition to each boundary except for the one where the wave is entering the structure. To characterize the transmission coefficient, we calculated the S 21 scattering parameter (for more details, see COMSOL Multiphysics, 2008).
Optical response and hysteresis analysis
To obtain transmission spectra of the BS in the range of 400-800 nm, we used a monochromator (Cornerstone260 1/4 m; Newport) with a high pressure arc lamp as a light source and a 10 3 10-mm calibrated silicon detector connected to a digital lock-in amplifier (Merlin) (Pavlichenko et al., 2012) . The temperature of the BS was varied by two Peltier elements, and the PT100 temperature sensor was attached to the other side of the BS above the optical axis. Peltier elements and the temperature sensor were connected to a remote-controlled source meter. A software proportional integral controller regulated the heating and cooling of the Peltier elements. The measured deviation of the temperature during the measurement was less than 0.1°C. For each temperature, the sample was equilibrated for 60 s.
For the hysteresis measurement, the sample was mounted on two Peltier elements as described for the spectral transmission measurements. A standard orange light-emitting diode (LED) (peak wavelength of 604 nm with angular divergence of the light beam of ;20°), sourced by a current of 5 mA, was chosen as a light source. The LED was equilibrated before the experiment for 30 min. The LED light beam passed through a monochromator set to the wavelength of 610 nm, to gain a narrower spectrum. For the temperature control, extra care has been taken such that the temperature was neither oscillating nor overshooting the set-point temperature. After the setpoint temperature was reached, the sample was equilibrated for another 60 s before the measurement was taken.
For the characterization of response time, we changed the RH of the environment (20%) by introducing water vapor onto the sample surface. The tubing with the nitrogen stream carrying the water vapor was mounted above the surface of the BS. The measured RH of the vapor was 70%; additionally, the valve located on the tubing allowed the instant turning off of the vapor stream. Time-dependent spectroscopy was performed by fiber optic spectrometer (USB2000+; Ocean Optics) integrated with an optical light microscope (DM2500 M; Leica).
Results and discussion
The experimental setup for the characterization of the thermo-optic behavior of NP-based porous BSs under environmental conditions is illustrated in Scheme 1. Temperature tuning of the BS, deposited on a transparent glass substrate, is realized through controlled heating/cooling by means of thermoelectric elements as demonstrated in Scheme 1(a). The BS, acting as a thermoresponsive optical filter, modifies the spectrum of the incident light as a function of temperature (Domash et al., 2003; Hohlfeld and Zappe, 2004) . The porous nature of the NP-based multilayers facilitates condensation of ambient humidity in the vicinity of the BS into the pores, thus changing the effective RI of the system (Pavlichenko et al., 2012) . This principle is demonstrated by monitoring the shift of the stop band of a 8.5-bilayer TiO 2 (50 nm)/ SiO 2 (90 nm) BS upon heating under ambient conditions. Since in the previous studies (Pavlichenko et al., 2012) , we observed that the largest thermal shift enhancement occurs in the temperature region below 30°C, transmission spectra were measured in the temperature range between 15°C and 25°C with steps of 2°C. The BS was thermally equilibrated for 1 min before taking the measurement. We observed an enhanced blue shift of the transmission spectra during heating due to the combined effects of the thermo-optic RI change and water desorption from the pores of the BS. However, evidently, the temperature-induced shift of the ''red'' edge of the stop band is significantly larger (20 nm) than that of the ''blue'' edge (5 nm). Such asymmetric behavior will be rationalized by means of simulation of the stop band position and width upon changing various geometric BS parameters (thickness of the layers) and material properties (RI) as discussed in the following (Figure 2) .
In order to design BSs with suitable optical characteristics as well as sensitivity to ambient conditions, we demonstrate how thickness changes and independently RI changes of the low-RI and high-RI materials affect the position and width of the photonic stop band, based on well-established PC concepts (Joannopoulos et al., 2008) . Figure 2 (a) and (b) shows the influence of the increase in layer thickness from 100 to 140 nm of the low-RI material SiO 2 (RI ' 1.3) and from 70 to 110 nm of the high-RI material TiO 2 (RI ' 1.9), respectively, for a 9-bilayer BS TiO 2 /SiO 2 in increments of 2 nm. It can be seen that the change in layer thickness of one of the materials results in a shift of the stop band to longer wavelengths, consistent with an increase in optical thickness of a bilayer with increasing physical thickness, while the width of the stop band remains approximately constant. A different behavior is seen in Figure 2 (c) and (d), which shows the influence of an increase in RI from 1.1 to 1.5 for SiO 2 and from 1.7 to 2.1 for TiO 2 , respectively, while keeping the layer thicknesses constant: 90 nm for TiO 2 and 120 nm for SiO 2 . Although only the RI of one material at a time is changed for clarity, the simulations show a substantial effect of changes in the RI on the position and width of the stop band. In general, a larger RI contrast between the two layer materials translates into a larger stop band width and vice versa. With increasing RI of SiO 2 , the high energy (''blue'') edge of the stop band shifts significantly, while the low energy (''red'') edge of the stop band is only slightly affected. In contrast, for changes in the RI of TiO 2 , we observe a more significant shift of the ''red'' edge of the stop band, whereas the ''blue'' edge remains almost constant (Figure 2(d) ). This observation can be generalized to arbitrary materials: a change in RI of the low-RI material predominantly affects the ''blue'' edge, and a change in RI of the high-RI material significantly affects the ''red'' edge of the stop band, owing to the localization of the electromagnetic field in the high-dielectric material at the red edge of the stop band, and vice versa (Chen et al., 2006) . Consequently, two conclusions can be drawn: first, even minute changes in the RIs of the layers at constant layer thickness have a major impact on the position, especially the width of the stop band. This generally translates into a high sensitivity to processes changing the effective RI of one or both of the layers, such as the adsorption of ambient humidity into a porous material (Pavlichenko et al., 2012) , as evidenced by using NP-based layers with a high degree of textural porosity (note that by textural porosity, we refer to the porosity arising from intra-aggregate/interparticle voids in the film, i.e. from the spaces formed by interparticle contacts). Second, a BS sensing element may distinguish between a disproportionate change of the RIs of the two different layer materials, for instance, if one layer material shows a significantly larger porosity or TOC than the other layer material, leading to substantial changes in the RI contrast and hence the width of the stop band. Therefore, we may conclude that the observation of the asymmetrical shift for the BS in Figure 1 is consistent with the earlier simulations (Figure 2) , indicating that the magnitude of the wavelength shift is larger for the ''red'' edge of the stop band due to the chosen wavelength scale. In addition, however, it can be seen that the width of the stop band in Figure 1 slightly decreases with increasing temperature, thus suggesting a disproportionate change of the RIs of the two different layer materials. The observed narrowing is in agreement with the scenario represented in Figure 2(d) , indicating that the RI of TiO 2 changes more significantly than that of SiO 2 owing to larger amounts of physisorbed water in the more hydrophilic TiO 2 layers and a larger TOC of TiO 2 . The basic design of BSs showing an enhanced thermo-optic response irrespective of ambient humidity is dominated by the choice of appropriate materials with a large TOC, as well as a suitable mutual enhancement of the TOCs of the individual layers. In order to outline the influence of the TOC of the two constituent layer materials, we have analyzed the thermo-optic response of two BS configurations with different material combinations.
We performed simulations for 9-bilayer 1D PCs based on TiO 2 and SiO 2 (Figure 3(a) ) and on ZrO 2 and SiO 2 (Figure 3(b) ). As outlined earlier, the TOC of TiO 2 is negative and equal to 23 3 10 24 K 21 , whereas the TOC of SiO 2 is positive and equal to 1 3 10 25 K 21 . In the ZrO 2 /SiO 2 combination, both TOCs are positive, and the TOC of ZrO 2 (' 4.8 3 10 24 K 21 ) is roughly one order of magnitude larger than that of SiO 2 according to Inci et al. (1997) . Owing to the larger TOCs of TiO 2 and ZrO 2 , the thermo-optic effect of the high-RI materials plays the dominant role in both configurations. In the TiO 2 /SiO 2 BS, the stop band therefore shifts toward shorter wavelengths by 5 nm in the Figure 2 . Simulated transmission spectra of a BS with 9-bilayer BSs, starting with the TiO 2 layer, and consisting of various combinations of (a) TiO 2 layers of 90 nm/RI = 1.9 and SiO 2 layers with RI = 1.3 and thicknesses varying from 100 to 140 nm. (b) TiO 2 layers with RI = 1.9 and thicknesses varying from 70 to 110 nm, and SiO 2 layers of 120 nm/RI = 1.3. (c) TiO 2 layers of 90 nm/RI = 1.9 and SiO 2 layers of 120 nm with RI varying from 1.1 to 1.5. (d) TiO 2 layers of 90 nm with RI varying from 1.7 to 2.1, and SiO 2 layers of 120 nm/RI = 1.3. The black arrow indicates the direction of the stop band shift as the layer thickness or RI increases. BS: Bragg stack; RI: refractive index. temperature range between 10°C and 60°C; however, the positive TOC of silica counteracts this shifting behavior to some extent. In contrast, for the ZrO 2 /SiO 2 BS, the thermal behavior shows the opposite trend in the same temperature range, and hence, the stop band is shifted to longer wavelengths. In addition, the shift is larger (8 nm), which can be explained by the same sign of the TOCs for both materials that therefore add up, leading to a larger thermo-optic response. Hence, we have verified the prediction implied in Figure 2 that in order to obtain a large thermo-optic response of a BS, both constituent materials need to have individually large TOCs, and both TOCs need to have the same sign. Note, however, that the amplifying effect on the temperature response by ambient humidity that is observed in the TiO 2 /SiO 2 BS is expected to be reversed in the case of ZrO 2 /SiO 2 BS, as the TOC (red shift with increasing temperature) and humidity response (blue shift with increasing temperature) would counteract each other.
Materials with large negative TOCs, such as polymers (Zhai et al., 2000) and hybrid organic/inorganic materials (Kurata et al., 2009) , could be of interest for tunable thermo-optic PCs. However, their thermal expansion properties have to be taken into account. Since thermal expansion and negative TOCs may cancel out each other if the materials are assembled within a BS platform that only detects combined changes in the optical thickness, additional analysis of the influence of layer expansion would be needed.
The earlier simulations were done based on the thermo-optic response only, and humidity effects were not explicitly accounted for. However, as has been shown above (Figure 1) , the environmental conditions, especially ambient relative humidity (RH), have to be taken into account for porous films when designing a thermo-optic detection platform. Hence, one needs to account for the effective TOC of the layers including both thermal and humidity responses that can be measured, for example, by means of spectroscopic ellipsometry (Xie et al., 2008) . Here, we analyze the influence of the bilayer lattice constant (the sum of the physical thicknesses of high-RI and low-RI materials) on the thermo-optic response of TiO 2 /SiO 2 1D PCs under environmental conditions, that is, using the effective TOCs and hence RIs determined for NP-based TiO 2 and SiO 2 thin films at RH = 25% (Pavlichenko et al., 2012) . The effective TOC of the TiO 2 layer is given by dn/dT = 21.61 3 10 23 K 21 between 10°C and 30°C at 25% RH and by 22.52 3 10 24 K 21 above 30°C. The effective TOC of SiO 2 used for the simulations is also negative (22.52 3 10 24 K 21 ) over the whole temperature range and one order of magnitude larger than the literature values for dense layers. Figure 4 (a) to (d) outlines the thermal shift between 10°C and 60°C for a 9-bilayer BS with the following bilayer combinations: (a) 50/80, (b) 50/90, (c) 60/90, (d) 50/110, and (e) 110/ 90 nm for TiO 2 /SiO 2 layers, respectively, hence changing the lattice constant from (a) 130 to (e) 200 nm. It can be seen from the graphs that when detecting the shifts optically, that is, on the wavelength scale, larger shifts are observed for BSs with larger lattice constants and, hence, stop bands located at larger wavelengths. To explore the influence of the relative portions of the high-RI and low-RI materials in a bilayer with constant thickness, the ratio of the high-RI material (TiO 2 ) to the low-RI material (SiO 2 ) in a 9-bilayer BS was varied in a stepwise manner from 40/110 nm (Figure 5(a) ) to 110/40 nm ( Figure 5(b) ) for TiO 2 /SiO 2 with a constant bilayer thickness of 150 nm. A relative increase of the high-RI material portion shifts the stop band toward longer wavelengths and hence also increases the shift of the ''red'' edge of the stop band. In an optical detection mode, the most significant thermal response can therefore be observed for 1D PCs with a large bilayer thickness and/or a high portion of the high-RI material, as both conditions will increase the optical thickness of the BS and hence shift the position of the stop band to the red.
In the earlier simulations, we looked at the humidity-enhanced thermal shift (i.e. the shift induced by both TOC and ambient humidity, giving rise to an effective TOC) of the optical spectrum of the BS as a function of either cooling or heating and neglecting any affects attributable to the morphology of the BS. However, in real systems whose response is affected by processes such as water adsorption into porous layers, we would expect a hysteresis to occur when recording the optical response along a full heatingcooling cycle. Therefore, the optical response of a 9-bilayer (TiO 2 (60 nm)/SiO 2 (110 nm)) BS was studied at 25% RH by cycling the temperature up and down in steps of 2°C while measuring the transmission value at a constant wavelength (610 nm). After each set-point temperature was reached, the sample was equilibrated for another 60 s before the measurement was taken. As can be seen in Figure 6 , a hysteresis is indeed observed over more than five cycles. Heating-cooling cycles recorded with longer delay times up to 900 s do not significantly change the shape of the hysteresis, thereby suggesting that the water adsorption/desorption kinetics are fast and not responsible for the observed hysteresis. On the other hand, measurements under nitrogen atmosphere with exclusion of ambient humidity show no hysteresis, thus indicating that humidity is required in order for the hysteresis to occur. We assume that the hysteresis is due to capillary condensation of water into the textural mesopores of the layers resulting from the packing of the NPs, as is observed in similar thin film systems consisting of NPs (Demessence et al., 2010) . In general, however, it can be noted that the maximum opening of the hysteresis loop is only about 1.5% in transmission at 25% RH and hence results in only a moderate, yet reproducible correction of the shifts expected for a purely thermo-optic response.
A crucial aspect in designing an optical device that can detect subtle changes in RH and temperature is the average response time. The thermal response is expected to be fast if the BS is in thermal equilibrium with its environment. Therefore, although we have shown earlier that the adsorption/desorption kinetics is faster than about 60 s, we infer that the response time is still dominated by the uptake of ambient humidity into the porous BS architecture. In Figure 7 , we outline an experiment that allows for a simple characterization of the response time of the multilayer system with respect to changes in ambient humidity, while keeping the temperature constant. In a typical experiment, the BS (9-bilayer TiO 2 , 60 nm, 10% porosity/SiO 2 , 100 nm, 25% porosity) was fixed under a microscope (20% RH at 20°C) such that the measurement spot could be constantly monitored. Then, time-resolved measurements were carried out detecting changes in transmission occurring during the external change in RH of the environment, provided by a flow setup, from 20% to 70%. Upon increasing RH, humidity is adsorbed into the textural mesopores of the BS, thus increasing the RI of the materials comprising the BS and shifting the stop band to larger wavelengths. For the BS in Figure 7(a) , the transmission at 450 nm was monitored during the humidity change as shown in Figure 7(d) and (e). The response time \t 1 . to the humidity change was ascertained to be 2 s, and the recovery time \t 2 . after turning down the water vapor flow is approximately equal to 3.8 s, both being significantly longer than the response times of the materials due to the thermo-optic effect alone (;10 26 -10 23 s; Coppola et al., 2011; Hache´and Allogho, 2011) . The difference in the response and recovery times can be associated with the kinetics of the adsorption and desorption processes, where desorption is slightly more sluggish and proceeds in two steps. We also fabricated a BS (4-bilayer TiO 2 , 45 nm, 10% porosity/SiO 2 , 60 nm, 40% porosity) with a higher porosity of the SiO 2 layers, as can be seen in Figure 8(a) and (b) . Again, the transmission change at 500 nm was monitored during abrupt changes in environmental RH from 20% to 70% (Figure 8(c) and (d) ). Although the number of bilayers for this BS is almost two times less than that of the BS as shown in Figure 7 and additional porosity was introduced into the system, the response time \t 1 . is only slightly smaller, being equal to 1.5 s (recovery time \t 2 . ' 3 s). Colodrero et al. (2008b) associated this phenomenon with the fact that the sorption properties of the stack are determined by the interaction between the neighboring layers, and the response is mediated by the layer with smaller pores, which in our case is the TiO 2 NP layer in both BS configurations. Accordingly, further titania layer modification toward higher porosity would be required for even faster response times. In general, however, the observed fast response times can be of interest, for example, in medical applications where fast sampling of a patient's breathing may be required, since human expiration contains large amounts of water vapor compared to ambient air (Arregui et al., 2000) .
Conclusion
In this study, we present a comprehensive analysis of thermoresponsive TiO 2 /SiO 2 BSs assembled by a solgel fabrication process. We demonstrate that due to the porous nature of the multilayer system, the temperature response of such systems is significantly enhanced in the presence of ambient humidity. In order to gain insights into the BS response to temperature and humidity, both acting on the effective RI of the multilayer system, we carried out simulations detailing the influence of RI, TOC, and layer thicknesses on the stop band position and width as well as temperature sensing characteristics. A high thermo-optic response that can be read out optically is expected for material combinations with large bilayer thicknesses, high RI contrast, and large TOCs having the same sign. As the width of the stop band is a sensitive probe of the relative RI changes of the two layer materials, it should be possible to predict the material that is affected the most by humidity-induced RI changes. The investigated BSs show an amplified thermal response when exposed to ambient humidity, suggesting that water is adsorbed in the textural mesopores, thus altering the effective RI of the constituent materials. This assumption was supported by subjecting the BS to several heating-cooling cycles, resulting in a hysteresis loop for temperatures between 15°C and 25°C with a maximum opening of 1.5% in transmission at 19°C, which is consistent with capillary condensation of water inside the mesopores. Fast response times of approximately 2-4 s upon exposure to different humidity environments are testament to a fast water adsorption/desorption kinetics that bodes well for the use of such systems as sensitive temperature and humidity detection platforms.
